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ABSTRACT  
 
In dense urban areas, GNSS signals are blocked and reflected by the buildings, severely degrading the positioning accuracy. By 
using 3D mapping of the buildings to predict which signals are visible and which are blocked, the accuracy can be substantially 
improved. Many different techniques have been demonstrated since the start of the decade, showing that errors can be reduced 
from tens of meters to a few meters. However, a practical implementation of 3D mapping aided (3DMA) GNSS must also be 
computationally efficient enough to run in real time on a mobile device and, at the same time, be able to handle initialisation 
errors of the order of 100m. Here, we present the real-time implementation of UCL’s 3DMA GNSS algorithms on Android 
devices, exploiting the “raw” measurements supplied by the latest GNSS chipsets. We have developed demonstrator apps for 
Central London and Downtown San Francisco and Downtown Miami. In London and San Francisco, we achieve a root mean 
square (RMS) horizontal position accuracy of about 6m, compared with about 40m using a conventional GNSS positioning 
algorithm. The paper will briefly summarize the 3DMA GNSS algorithms, describe the implementation of the Android app, 
presenting some positioning results using both single-epoch and multi-epoch versions of the 3DMA GNSS approach, and show 
how accuracy can be traded off against speed. The steps needed to take the 3DMA GNSS app from a research demonstrator to a 
full service will then be discussed.  
 
1. INTRODUCTION 
 
In May 2016, Google announced the availability of GNSS raw measurements from Android 7 [1]. For the first time, developers 
could access carrier and code measurements and decoded navigation messages from mass-market devices. Over 75% of GNSS 
devices in use worldwide are smartphones using applications in the Google Play Store that exploit location information [2]. 
Smartphones are increasingly used in applications that are at the border of safety-critical or high precision ones, from navigating 
a glade or leisure boat to mapping trees for city park management [3]. The higher location accuracy that can be obtained in the 
mass market will further increase the use of smartphones and wearables in semi-professional applications and enable a new range 
of consumer applications that are still not possible today.  
The use of GNSS raw measurements on Android devices is leading to increased GNSS performance such as positioning accuracy 
[3]. There are many different applications that could potentially benefit from improved GNSS accuracy on mobile devices. These 
include navigation, particularly for visitors to a city and the visually impaired; location-based services; mobile gaming and 
augmented reality; and emergency caller location. Over the current decade, there has been a lot of interest in 3DMA GNSS. This 
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improves performance in dense urban areas by using maps of the buildings to predict which signals are directly visible at any 
given location. 3D mapping can significantly improve GNSS positioning accuracy in dense urban areas by predicting which 
signals are directly visible and which are blocked by the buildings.  
 
Figure 1: 3DMA GNSS algorithms  
Many different 3DMA GNSS techniques have been demonstrated in the last few years (illustrated in Figure 1). The implemented 
3DMA GNSS algorithms build on several previous studies at University College London (UCL). Using 3D mapping to aid a 
conventional ranging-based least-squares GNSS positioning algorithm improves its accuracy by about a factor of two in 
challenging environments [4]; this technique is used for initialization. Better performance is obtained using a likelihood-based 
3DMA ranging algorithm that scores candidate position hypotheses according to the correspondence between measured and 
predicted pseudo-ranges [5]. Shadow matching determines position by comparing the measured signal availability with that 
predicted over a grid of candidate positions using 3D mapping [6] In dense urban environments, 3DMA ranging algorithms 
substantially improve the positioning accuracy in the along-street direction, but shadow matching is typically more accurate in 
the across-street direction. Therefore, best performance is usually obtained by combining the two techniques together, in the 
hypothesis-domain, by combining the two sets of candidate position hypothesis scores before extracting a common position 
solution [7]. Several other research groups have also demonstrated the benefit of various 3DMA GNSS techniques [8-18]. 
A full assessment of the 3DMA GNSS algorithms, using the post-processing 3DMA GNSS software, was presented in [19], 
based on experimental data collected in London using different categories of GNSS equipment including the Nexus 9 Android 
tablet. Best performance in the along-street direction was obtained using the likelihood-based 3DMA ranging algorithm, while 
shadow matching performance was no better than conventional GNSS positioning. In the across-street direction, shadow 
matching gave slightly better performance than likelihood-based 3DMA ranging, with best results obtained by combining them 
using hypothesis-domain integration. The hypothesis-domain integrated solution also gave the best overall horizontal position 
accuracy. Position-domain integration gave slightly poorer results than likelihood-based 3DMA ranging on its own. These trends 
were consistent across all of the receivers. The RMS horizontal position error using the Nexus tablet with a 1m grid spacing was 
4.9m compared with 31.0m using conventional GNSS positioning, about a factor of six improvement. All positioning methods 
were approximately twice as accurate in the City of London, a traditional European city environment than in the Canary Wharf 
district, a modern urban environment. This is because the Canary Wharf buildings are taller, further apart and reflect GNSS 
signals more strongly than most City of London buildings. Better performance was obtained in both districts by calibrating the 
3DMA GNSS algorithms using data from only that environment. Therefore, further development of the algorithms to account 
for environmental variation is likely to be beneficial. 
Section 2 of this paper describes the first full real-time implementation of 3DMA GNSS on an Android device with the algorithms 
running on the mobile device (previously, only shadow matching had been implemented [20]). Experimental results are presented 
in Section 3 with the practicality of using 3D mapping to improve the real-time GNSS positioning accuracy of Android devices 
in dense urban areas is demonstrated, using the single-epoch and multi-epoch 3DMA GNSS approaches, and discussed, in terms 
of trade-off between achieved accuracy and processing load, in Section 4. The developed app was tested on HTC Nexus 9, 
Google Pixel and Samsung Galaxy S8+ devices.  
 
2. ALGORITHMS IMPLEMENTATION ON ANDROID DEVICES 
 
This section focuses on the implementation of the 3DMA GNSS algorithms, on the mobile device itself. This requires algorithms 
that are efficient enough to run in real-time on the device and real-time access to GNSS pseudo-range and C/N0 (or other SNR) 
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measurements by the device’s application processor. Access to 3D mapping data is also required. In terms of GNSS measurement 
data access, pseudo-range and SNR measurements information, from one or more GNSS constellations, is now available through 
the application programming interface (API) on Android devices that have a compatible GNSS chipset and run the Nougat 
(Android 7) or later version of the Android operating system. Compatible devices are listed on the Android developer’s website 
[21]. For our current demonstration system, Predicting GNSS signal propagation using 3D mapping directly is computationally 
intensive. The 3DMA GNSS algorithms implemented here consider several thousand candidate receiver positions. Performing 
ray-tracing of a signal’s path for 20 satellite positions and all receiver positions can take several minutes of central processing 
unit (CPU) time or several seconds of graphics processing unit (GPU) time. Here, this is circumvented by using pre-computed 
building boundaries [22]. This adaptation enables satellite visibility to be predicted simply by comparing the satellite elevation 
with that of the building boundary at the corresponding azimuth. For our current demonstrator system, the building boundary 
data are then preloaded onto the Android device alongside terrain height data. We note that here we are making the implicit 
assumption that the user operates within a limited area. 
Any new Android API level is compatible with previous versions, meaning that all the capabilities from a previous API level are 
still valid in the new version. API 23 (Android 6) enabled developers to gain access to the following classes: GPS Satellite 
containing basic satellite information such as azimuth, elevation, PRN and C/N0, PVT and basic NMEA sentences. From API 24 
(Android 7), developers have access to the following GNSS raw and computed information via Android classes: GNSS clock 
(receiver time and clock bias, both used to compute the pseudo-range), GNSS navigation message (navigation message bit, 
navigation message status), GNSS measurements (received satellite time used to compute the pseudo-range, code and other 
information). Figure 2 shows the flow diagram of the 3DMA GNSS app illustrating the interaction between the 3DMA GNSS 
algorithms and Android API/device memory.  
Our existing C++ code, the one used for post-processed positioning, was used exploiting the Android Native Development Kit 
(NDK) toolset [23]. The toolset enabled compiling our native code into an application so that it can run on Android devices. 
There are two ways we could have used the NDK: Either write our application in Java/XML using the Android software 
development kit (SDK) and use Java Native Interface (JNI) to access the APIs implemented in C/C++ using the Android NDK; 
or write a native activity in C/C++, which allows us to implement the lifecycle callbacks in native code. We went for the latter 
option.   
The 3DMA GNSS app was built on the top of Google’s GnssLogger app [24] where this latter enables computing real-time 
(least-squares) position from raw measurements and Collect data for offline analysis. Map view functionality enables the user to 
see on Google Map the position reported by the device vs the weighted least square position. For the 3DMA GNSS app, position 
information, extracted from the position, velocity and time (PVT) output, is used as the centre of a circular search region with a 
pre-defined radius. Ephemeris parameters, satellite clock correction data for each satellite and Klobuchar ionosphere model 
parameters are part of the assistance data available from a Secure User Plane Location (SUPL) server using Google’s GnssLogger 
java code. These data are made available to UCL’s 3DMA GNSS software via the GnssNavigationMessage class. As the Android 
system does not directly provide pseudo-ranges (it provides only parameters needed to compute them), the pseudo-ranges are 
computed exploiting the GNSSLogger app routine performing this calculation. These pseudo-ranges are then used in the UCL 
3DMA GNSS ranging part of the software. Constellation type is provided directly using ConstellationType field, satellite ID is 
provided directly suing Svid field (with expected values for each constellation mapped onto UCL 3DMA GNSS software), 
satellite elevation and azimuth are made available via GnssStatus class and C/N0 is accessible via the field Cn0DbHz.  
Figure 3 illustrates several screen captures of the 3DMA app. Once the app is launched on the Android devices (double-clicking 
on the app icon illustrated on Figure 3(a)), the user gets a home screen (as illustrated on Figure 3(b)) and where in the background 
access to the following GNSS outputs is enabled: Location data, Raw GNSS measurements from all constellations supported by 
the device, Navigation message, GnssStatus, and NMEA stream. The screen capture illustrated on Figure 3(c) enables the user 
to monitor the GNSS outputs, as defined in [24], on the device screen with the option of saving those measurements to a text file 
for post-processing. Figure 3(d) illustrates the device solution (in green) alongside 3DMA GNSS integrated solution (in blue) on 
a Google map of the area where the user is operating. This offers a visual evaluation of the performance of the 3DMA GNSS 
integrated solution algorithm compared to the device positioning.  
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Figure 2: 3DMA GNSS app Flow diagram  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: 3DMA GNSS app user interface: (a) 3DMA GNSS app icon (b) home screen with GNSS outputs enabled in the 
background (c) data visualisation and logging screen (d) map view screen displaying the device and 3DMA GNSS position 
solutions. 
 
  
(a)        (b)              (c)               (d)  
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3. EXPERIMENTS  
 
GNSS (GPS and GLONASS) measurements were collected in selected London (UK) areas in October 2016 and in the city of 
San Francisco (SF) in September 2017, all using a HTC Nexus 9 tablet shown in Figure 4. The Nexus 9 tablet was running 
Android version 7.0 (Nougat), enabling capture of raw GNSS measurements, including GNSS satellite pseudo-ranges, alongside 
conventional NMEA sentences. Data collection in London and San Francisco was performed using a purposely written App and 
Google’s GnssLogger app, respectively. The tablet’s GNSS receiver and antenna are similar to those found on smartphones, so 
the results are representative of the performance of smartphones that provide access to raw GNSS measurements. The true 
positions were established to decimeter-level accuracy using a 3D city model to identify landmarks and a tape measure or a disto 
equipment to measure the relative position of the user from those identified landmarks.  
 
 
Figure 4. HTC Nexus 9 tablet  
 
In London, data was collected in two different areas: 10 points in the City of London and 11 points in Canary Wharf. The City 
of London area is typical of a traditional European city with narrow streets and buildings packed close together. The Canary 
Wharf area is representative of a modern city environment, found more commonly in North American and East Asian cities. The 
streets are wider and the buildings taller with more space between them. There is also a greater ratio of glass and steel to brick 
and stone than in the City of London district. For San Francisco city experiment, 11 test points were considered, 5 in medium 
density (MD) of buildings area and 6 in high density (HD) of building area. Figures 5 and 6 illustrate these sites.  
 
 
 
Figure 5. Data collection areas in the City of London (top-left, GoogleTM earth) and Canary Wharf district (Bottom-Left, 
GoogleTM earth) and corresponding 3D mapping (Top-right and bottom-right, respectively, 3D models generated from EDINA 
Digimap data [25]). 
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Figure 6. Data collection areas in the City of San Francisco (Left, GoogleTM earth) and corresponding 3D mapping (Right, 3D 
models generated from City and County of San Francisco data [26]). 
 
At each London test site, per location, two 4-minute rounds of data were collected using each receiver. These were separated by 
approximately 2 hours, ensuring that the satellite positions in the two datasets were independent. Each test location is independent 
of the others because 3DMA GNSS performance depends on the interaction of the satellite signals with the buildings, which are 
different for each location. The first dataset was used for calibration, as described in the positioning algorithms section above. 
The second dataset was then used for testing the positioning algorithms. Similar London experimental data was used to generate 
the results presented in [19]. For San Francisco city experiment, per location, over 2min data was collected, considering only 
one round of data collection as for processing this data we used the same algorithm tuning parameters as those used for processing 
London’s data.    
Table 1 presents the root mean square (RMS) along-street, across-street and horizontal (2D) position errors for each positioning 
method across the City of London, Canary Wharf, San Francisco MD and San Francisco HD sites. The RMS horizontal 
positioning error results are also shown in Figure 7. In each case, the 3DMA GNSS algorithms have been tuned using data from 
all London sites. Comparing the different positioning methods, it can be seen that likelihood-based 3DMA ranging solution is 
significantly more accurate than conventional GNSS positioning in all cases. Shadow matching is slightly more accurate than 
3DMA ranging in the across-street direction. However, in the along-street direction, it is less accurate than conventional GNSS 
positioning. In the across-street direction and overall, the hypothesis-domain integrated solution is the most accurate. However, 
the 3DMA solution is most accurate in the along-street direction. 
The developed real-time 3DMA GNSS app was tested in London and a video will be presented during the presentation of this 
work at this conference.  
 
Table 1. RMS position errors across all test sites  
 Along-street RMS error (m) Across-street RMS error (m) Horizontal RMS error (m) 
Method City Canary 
Wharf 
SF 
MD 
SF 
HD 
City Canary 
Wharf 
SF 
MD 
SF 
HD 
City Canary 
Wharf 
SF 
MD 
SF 
HD 
Conventional 11.3 20.3 18.5 48.7 21.1 29.9 28.2 66.6 23.9 36.2 33.8 82.5 
Shadow Matching 12.4 25.8 8.5 12.3 3.1 6.2 2.5 4.5 12.8 26.5 8.9 13.1 
Likelihood-based 3DMA ranging 2.1 3.0 3.2 6.1 2.5 6.3 5 9.7 3.3 7.0 5.9 11.5 
Hypothesis-domain integration 2.3 3.1 3.8 7.2 2.3 5.3 3.9 6.4 3.3 6.2 5.5 9.7 
 
We extend this study to multi-epoch positioning by using a grid filter. Versions of the grid filter with different state propagation 
algorithms have been implemented for static, pedestrian and vehicle applications. Using static and pedestrian data collected in 
central London using a Samsung Galaxy S8+ smartphone, these new algorithms have been compared with single-epoch 3DMA 
GNSS and multi-epoch conventional GNSS using a basic extended Kalman filter with innovation-based outlier detection. The 
work presented in [27] provides detailed information related to the mathematical derivations and further results using a u-blox 
consumer grade GNSS receiver.  
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Figure 7. RMS position errors across all test sites in London and san Francisco city: Conv is the conventional GNSS positioning 
solution, SM is the shadow matching solution, LBR is the likelihood-based 3DMA ranging solution and HDI is the hypothesis-
domain integrated SM and LBR solution. 
 
Static performance was assessed using data collected at seven locations, all in the City of London, as shown in Figure 8, with 2 
minutes of GNSS data collected at each location. The true positions were established to decimeter-level accuracy using a 3D city 
model to identify landmarks and a disto to measure the relative position of the user from those identified landmarks. The static 
version of the grid filter was used for the multi-epoch 3DMA GNSS solution. 
 
  
 
Figure 8. Static data collection sites in the City of London - GoogleTM earth. 
 
Table 2 presents the RMS horizontal (2D) position errors for each test site of the static experiment, while Figure 9 shows the 
combined RMS errors across all of the sites. At every site, the multi-epoch 3DMA GNSS solution is more accurate than the 
single-epoch 3DMA GNSS solution which, in turn, is more accurate than the multi-epoch conventional GNSS solution. For the 
static tests overall, multi-epoch 3DMA GNSS is a factor of 1.7 more accurate than single-epoch 3DMA GNSS and a factor of 
3.2 more accurate than multi-epoch conventional GNSS. 
 
For the pedestrian experiments, to determine the true position, a webcam and a Leica Disto laser measuring device, were 
interfaced to a laptop computer. Both items were facing the opposite side of the street and such that the measured distances using 
the disto are perpendicular to the street direction. The equipment is shown in Figure 10 (left). True position was then determined 
to decimeter accuracy using the measured distance to pre-selected landmarks that are identifiable on both the video and 3D 
mapping. The experimenter stopped alongside each landmark to make a Disto measurement. The video was input to u-blox’s u-
center software [28] to enable referencing the video/images collected via the webcam to GPS time provided by the u-blox receiver 
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so that we are able to estimate the truth at different epochs while walking the pre-defined route. This is shown in Figure 10 
(right). One route, comprising over 2 minutes of GNSS data, within the City of London, shown in Figure 11, was selected to 
collect data and evaluate the performance of the proposed algorithms.  
 
Table 2. RMS horizontal positioning results for the static experiments 
 
Multi-epoch 
Conventional GNSS 
RMS error (m) 
Single-epoch 3DMA 
GNSS 
RMS error (m) 
Multi-epoch 3DMA 
GNSS (static algorithm) 
RMS error (m) 
F1 13.5 6.3 3.5 
F2 15.6 6.7 4.4 
F3 11.5 6.4 3.1 
F4 10.1 5.8 2.8 
B1 10.7 6.8 4.9 
B2 10.8 6.6 3.6 
B3 9.9 4.9 2.9 
 
 
 
Figure 9. RMS horizontal position error across all sites for the static experiments.  
 
 
Figure 10. Kinematic pedestrian-based data collection hardware (left) and u-center logging (right).  
 
Table 3 presents the RMS horizontal (2D) position errors and positioning method, noting that the both pedestrian and vehicle 
versions of the 3DMA GNSS grid filter are assessed. Figure 12 shows the position error as a function of time. The pedestrian 
version of multi-epoch 3DMA GNSS is significantly more accurate than single-epoch 3DMA GNSS, exhibiting a factor of 1.9 
accuracy improvement overall. The vehicle version is 22.2% more accurate than the single-epoch algorithm. All of the 3DMA 
GNSS algorithms are significantly more accurate than the multi-epoch conventional GNSS solution with the pedestrian 3DMA 
GNSS grid filter offering a factor of 4.3 accuracy improvement.  
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Figure 11. Pedestrian data collection areas in the City of London (Route illustrated in yellow) - GoogleTM earth.  
 
 
Table 3. RMS horizontal positioning results for the kinematic pedestrian experiments 
Multi-epoch 
Conventional GNSS 
RMS error (m) 
Single-epoch 3DMA 
GNSS 
RMS error (m) 
Multi-epoch 3DMA 
GNSS (pedestrian 
algorithm) 
RMS error (m) 
Multi-epoch 3DMA 
GNSS (vehicle 
algorithm) 
RMS error (m) 
20.3 9.0 4.7 7 
 
 
 
 
Figure 12. Horizontal position error over time for the pedestrian experiments. 
 
4. PRACTICAL CONSIDERATIONS 
 
For all the preceding results, candidate positions were generated and scored with a grid spacing of 1m. However, a smaller grid 
spacing could improve the accuracy, while a larger grid spacing will reduce the processing load. Table 4 presents the root mean 
square (RMS) along-street, across-street and horizontal (2D) position errors for each positioning method across all London sites 
with grid spacings of 0.5, 1, 2, 3, 5 and 10m. Figure 13 shows the RMS horizontal position error for the hypothesis-domain 
integrated SM and LBR solution for grid spacings up to 5m.  Performance with a 10m grid spacing was found to be poor with 
the integrated solution often less accurate than the conventional GNSS solution. Thus, the maximum viable grid spacing is about 
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5m. Considering all positioning methods and all directions, the position errors are about 35% larger with a 5m grid spacing than 
with a 1m spacing. By contrast, the processing load with the 5m grid spacing is about 25 times smaller than that with the 1m grid 
spacing. Reducing the grid spacing from 1m to 0.5m brings only a 4% accuracy improvement in exchange for a factor of 4 
increase in processing load. 
Table 4. RMS position errors (m) across all London test sites with different grid spacings 
         
 
Shadow Matching Likelihood-based 3DMA 
ranging 
Hypothesis-domain 
integration 
Grid spacing 
(m) 
Along-
street 
Across-
street 
Hori-
zontal 
Along-
street 
Across-
street 
Hori-
zontal 
Along-
street 
Across-
street 
Hori-
zontal 
0.5 19.43 4.5 20 2.5 4.7 5.4 2.7 3.9 4.7 
1 20.7 4.8 21.2 2.6 5 5.7 2.8 4.1 4.9 
2 20.9 5.1 21.6 2.8 5.4 6 3 4.4 5.3 
3 23.9 5.6 24.5 3.1 5.8 6.6 3.3 4.7 5.7 
5 27.7 6.5 28.4 3.5 6.8 7.6 3.6 5.5 6.6 
10 118.8 27.6 122 14.8 28.9 32.5 15.7 23.4 28.2 
 
 
Figure 13. RMS position errors for the integrated solution (HDI) with different grid spacings across all London test sites. 
 
 
 
 
 
Figure 14. Receiver-based (Left) and server-based (right) approaches. 
 
For a practical system exploiting 3DMA GNSS technology, there exist three ways in which 3DMA GNSS algorithms could be 
implemented: 
  
1) Post-processing recorded data: used for the quantitative results presented here as it is ideally suited to the development, 
tuning and testing of the 3DMA GNSS algorithms themselves (enabling different configurations to be compared using the 
same experimental data). 
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2) Real-time implementation on the mobile device itself: It is the approach presented in this paper and is considered as the 
most efficient implementation for consumer and professional navigation and continuous tracking applications. The real-time 
Android demonstration app described here, which uses preloaded building boundary data, requires 387ms to process a single 
epoch of GNSS measurement data on a Samsung Galaxy S8+. To move from a research demonstrator to a full positioning 
service, the building boundary data must be streamed from a server instead of pre-loaded onto the mobile device as pre-
loading limits the geographical area over which mapping-aided positioning can operate. This approach is illustrated in Figure 
14, left.  
 
3) Real-time implementation on a remote server: This implementation can operate using existing assisted GNSS protocols for 
sending GNSS measurement data from a mobile device to the server. Thus, it has the advantage of being compatible with 
any mobile device that incorporates a GNSS (or GPS) receiver. However, the number of position fixes that can be provided 
within a given time interval is limited by the processing capacity of the server. Therefore, this approach is most suited to 
location-based services that only require a one-time position fix, emergency caller location and tracking applications with 
long update intervals. The concept of this approach is illustrated in Figure 14, right. 
 
5. CONCLUSIONS AND FUTURE WORK 
 
A practical implementation of 3D mapping aided (3DMA) GNSS for Android devices was realized and is described in the paper. 
A summary of the implemented 3DMA GNSS algorithms was presented alongside experimental results, in London and San 
Francisco city, logging data using the developed app and then processing them using the 3DMA GNSS post-processing software. 
The developed real-time 3DMA GNSS app was tested in London and Down-town Miami city; a video of these experiments will 
be presented at the conference. The trade-off between accuracy and efficiency was presented and discussed. The effect on 
accuracy and processing time were assessed when using different 3DMA GNSS grid point spacing. Alternative implementation 
approaches were discussed highlighting the pros and cons of each of them.  Nonetheless, further research is needed to find the 
optimum trade-off between accuracy and efficiency. Data compression techniques could be applied to reduce the size of the 
building boundary files further, while moving to a multi-epoch positioning algorithm should enable the search area to be reduced 
once convergence has been achieved. A multi-epoch version of UCL’s 3D-mapping-aided GNSS algorithms has been developed 
for static, pedestrian and vehicle applications using a grid filter to combine 3DMA GNSS position likelihood surfaces across 
multiple epochs. Initial results of the performance of the multi-epoch algorithms implemented on an Android device were 
presented in this paper.  
Further work will include tuning of the algorithms to optimize. To enable automatic selection of the static, pedestrian and vehicle 
versions of the grid filter, the 3DMA GNSS algorithms should also be integrated with behavioral context determination 
algorithms [29-31]. Finally, Android smartphones equipped with a GNSS chips that process the new L5/E5 signals have been 
released [32] and performance of our 3DMA GNSS algorithms will be assessed on data collected using those devices. A real-
time 3DMA GNSS Android app will be implemented enabling the exploitation of those new GNSS signals alongside GNSS L1 
signals. As L5/E5 GNSS signals are less sensitive to multipath interference, due to their higher chipping rate, we expect 
improvement in the performance of the 3DMA (and conventional) GNSS ranging (direct implication of the smaller multipath-
induced pseudo-range errors) and shadow matching (direct implication of a less multipath-induced variation in the measured 
C/N0) 
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